Golden apple snails (GAS) have become a serious pest for agricultural 12 production in Asia. A sustainable method for managing GAS is urgently needed, 13 including potentially using them to produce commercial products. In this study, we 14 evaluate the effects of GAS residues (shell and meat) on soil pH, bacterial diversity, 15 enzyme activities, and other soil characteristics. Results showed that the amendment 16 of GAS residues significantly elevated soil pH (to near-neutral), total organic carbon 17 (TOC) (by 10-134%), NO 3 -N (by 46-912%), NH 4 -N (by 18-168%) and total nitrogen 18 (TN) (by 12-132%). Bacterial diversity increased 13% at low levels of amendment 19 and decreased 5% at high levels, because low-levels of GAS residues increased soil 20 pH to near-neutral, while high-levels of amendment substantially increased soil 21 nutrients and subsequently suppressed bacterial diversity. The dominant phyla of 22 bacteria were: Proteobacteria (about 22%), Firmicutes (15-35%), Chloroflexi 23 (12%-22%), Actinobacteria (8%-20%) Acidobacteria, Gemmatimonadetes, 24 Cyanobacteria and Bacterioidetes. The amendment of GAS residues significantly 25 increased the relative abundance of Firmicutes, Gemmatimonadetes, Bacterioidetes 26 and Deinococcus-Thermus, but significantly decreased the relative abundance of 27
C analyzer (TOC-VCSH, Shimadzu Corp., Kyoto, Japan). Concentrations of NH 4 -N 139 were analyzed using a UV-vis spectrophotometer at a wavelength of 420 nm (22) . 140 Concentrations of NO 3 -N were determined using a UV-vis spectrophotometer 141 applying double wavelength of 275 nm and 220 nm (22) . Concentrations of AP were 142 analyzed using the molybdenum-antimony anti-spectrophotometric method (23). Amendments of GAS residues and lime resulted in increased soil pH ( Fig. 1a ).
214
The addition of 1.0-2.5 g kg -1 GAS residue increased soil pH to neutral (7.0) and 215 additional amendments further increasing pH. Even the smallest amendment of lime 216 (0.5 g kg -1 ) changed soil pH sharply from acidic to light alkaline (pH > 7.8) ( Fig. 1a ).
217
The effect of GAS residues on pH may have been mitigated by the decomposition of Addition of GAS residues also increased soil carbon and soil 227 nutrients-specifically, TOC, TN, NO 3 -N and NH 4 -N ( Fig. 1b ). TOC and NH 4 -N 228 progressively increased as more GAS residues were added, increasing by 134.28%
229
(TOC) and 167.80 % (NH 4 -N) with the amendment of 100 g kg -1 GAS residue. Soil 230 nitrogen, TN and NO 3 -N showed peak values when 25 g kg -1 GAS residues were 231 13 added, a threshold value prior to which proteins in the GAS residues decomposed or 232 dispersed quickly, but after which anaerobic soils limited the activities of soil 233 microbes and the transfer of proteins into small molecular and inorganic matter so that 234 more NH4-N and NOx were produced and released into the air (27). amendment of up to 2.5 g kg -1 GAS residues increased diversity, as measured by 240 Shannon diversity index, from 4.76 (CK) to 4.99. The addition of more GAS residue 241 decreased bacterial diversity; the addition 75 g kg -1 GAS residues resulted in the 242 lowest Shannon diversity index value (4.55) across treatments. Similar to GAS 243 residue, the addition of lime had a positive effect on diversity, but had a negative 244 effect when more than 2.5 g kg -1 was added ( Fig. 1c ).
245
Previous studies have proposed that soil pH affects soil bacterial community 246 structure and diversity (11, (28) (29) (30) . N. Fierer and R. B. Jackson (10) found that the 247 diversity and richness of soil bacterial communities differed by ecosystem type, and 248 these differences could largely be explained by soil pH (r 2 = 0.70 and r 2 = 0.58, 249 respectively; P < 0.0001 in both cases). Bacterial diversity was highest in neutral soils diversity was relatively low in alkaline soils. We found that soil bacterial diversity 254 increased with the additions of GAS residues and lime amendments between 0.5-2.5 g 255 kg -1 , likely because of the shift from acidic to neutral soil pH. Bacterial diversity 256 declined when more GAS residue or lime were added (more than 25 g kg -1 ), likely Gemmatimonadetes, Cyanobacteria and Bacterioidetes (Fig. 3) . The amendment of 300 GAS residues significantly increased the relative abundance of Firmicutes, (41). In our study, the amendments of GAS residues 323 induced oligotrophic soil conditions that may have benefited copiotrophs and 324 disadvantaged oligotrophs. Our results were similar to the previous studies, in that 
Correlations between soil properties and bacterial community composition 334
Our results indicated that soil properties were significantly correlated with 335 bacterial phyla ( Fig. 4a ) and genera ( Fig. S1a) Acidobacteria, Planctomycetes and Verrucomicrobia may reflect sensitivities of some 346 of these groups to higher soil pH; previous studies have found that some of these 347 groups decrease in abundance after fertilizers are applied. For instance, D. R. 
369
For the SR treatments, most significant correlations were found in soil pH; the 370 only groups with relative abundance that was significantly positively related to pH 371 were Bacteroidetes, Firmicutes and Chlorobi with soil pH (Fig. 4a ). Fewer phyla 372 showed significant correlations with soil nutrients in the SL treatments compared to 373 the SR treatments. These results suggest that more phyla were affected by C, N (ie.,
374
TOC, NH 4 -N, NO 3 -N and TN) in SR treatments. In SR treatments, which increased 375 both soil pH and nutrient contents, soil pH does not appear to be a good predictor of 376 bacterial community composition and diversity.
21
To evaluate the main factors driving changes in microbial communities in our 378 experimental treatments, we used Non-metric multidimensional scaling (NMDS) of 379 soil bacteria community composition based on Bray-Curtis distances linear regression 380 (Fig. 5) . In SL treatments, soil pH was the factor most strongly related to changes in 381 bacterial community composition (R 2 = 0.90) (Fig. 5a ). However, in SR treatments 382 soil nutrients tend to shape changes in bacteria composition (Fig. 5b) . Our results are 383 consistent with previous research that included a sub-set of the soils included in this 384 survey; they found that the abundances of Bacteroidetes, Betaproteobacteria, and
385
Acidobacteria were most strongly related to estimated carbon availability, not soil pH 386 (41). In addition, soil nutrients (N and P) additions could significantly affect soil 387 bacterial community compositions were also confirmed (33). Nevertheless, our results
388
contrast with other studies that suggest pH as a strong predictor of bacterial 389 community composition and diversity (11, 28, 46) . after amending with lime (a) and GAS residues (b); TOC represents total organic 394 carbon, TN represents total nitrogen, N-NH 4 + represents ammonia, N-NO 3 represents 395 nitrite and AP represents available phosphorus (n=3).
396
Apart from determining diversity another primary goal of comparing microbial 397 communities is to identify specialized communities in samples. Groups were shown in 398 cladograms, and LDA scores of 2 or greater were confirmed by LEfSe (Fig. S2) . In
399
GAS's residues treated soils, 21 bacteria phyla were enriched dominated with 400 Actinobacteria, Bacteroidetes and Firmicutes followed by Acidobacteria,
401
Cyanobacteria and other 16 phyla. Firmicutes were most abundant in the GAS 402 residues 50 g kg -1 treatment, which may have been caused by the high soil pH; it was 403 the same pH as in the lime 2.5 g kg -1 treatment. To evaluate the effects of amendments 404 23 on shaping microbial community composition, we compared results from high levels 405 of the GAS residues amendments and low levels of lime amendments with results 406 from low levels of GAS residues amendments, because high levels of GAS residues 407 amendments and low levels of lime amendments showed similar effects on soil pH.
408
The results showed that more specialized bacteria phyla were detected in soils treated 409 with high levels of GAS residues amendments, which suggests that GAS residues can 410 shape bacterial community compositions.
411

Correlations between enzyme activities and bacterial community composition 412
Four enzymes related to C, N and P cycling in soil were determined to uncover 413 the status of soil nutrients and C cycling after the amendment of both GAS residues 414 and lime. We conducted Spearman Correlation analysis to identify the relationships 415 between microbial communities and soil enzyme activities, and significant 416 correlations were found in SR treatment (Fig. 6) . For example, we found that β-D- Actinobacteria, Acidobacteriae and Nitrospirae) level ( Fig. 6a ) and genus level (Fig. 421 S3a) in soils treated with GAS residues amendment. Many fewer correlations were 422 found in soils treated with lime amendment (Figs. 6b, S3b ). The strong correlations in 423 soils treated with GAS residues may be caused by its influence on substrate such as C Overall, in this study, the amendment of GAS residues significantly increased 448 soil pH due to the CaCO 3 component of the GAS's shell. However, GAS residues had 449 weaker effects on soil pH than did lime treatments. For example, at the same amended 450 levels, the pH of soils amended with lime increased sharply, while soils amended with 451 GAS residues rose only to near-neutral pH. In addition, amendment of GAS residues 452 26 resulted in increased levels of soil nutrients, which could in turn lead to increased 453 bacterial diversity at low amendment levels and decreased bacterial diversity at high 454 amendment levels. That likely attribute to the amendment of GAS residues induced a 455 copiotrophic environment in which, the relative abundance of copiotrophic bacterial 456 communities were increased while oligotrophic bacterial communities were reduced.
457
What's more, soil pH also responsible for the changes of soil bacterial communities.
458
For instance, Gemmatimonadetes, Tenericutes, Chlorobi, Firmicutes, Bacteroidetes 459 and Deinococcus-Thermus were all increased with the addition of GAS residues.
460
Some of them such as Gemmatimonadetes, Tenericutes, Chlorobi and Bacteroidetes
461
were increased due to their roles in C and N cycling, while some of them were 462 decreased because they were suppressed at a higher pH environment. Most 463 researchers suggested that pH was the best predictor for bacterial diversity and 464 community compositions across different types of land-use. Nevertheless, in our study, 465 soil pH may not be the best predictor of bacterial community composition or diversity; 466 rather soil nutrients (ie., NH 4 -N and NO 3 -N) and soil TOC showed stronger 467 correlations with bacterial communities. That likely because the amendment of GAS 468 residues induced elevated soil pH and nutrient content at the same time. Compared 469 with lime treatment, the amendment of GAS residues caused more enriched bacterial 470 phyla, that likely due to the soil nutrients difference between GAS residues treatment 471 and lime treatment. Considering the nutrients cycling, soil enzymes activities related 472 to C, N and P were determined and analyzed, our results suggested that soil enzymes 473 activities showed similar correlations to bacterial communities with soil nutrients.
27
Those indicated that the increases in enzymes activities were attributed to the 475 elevation of soil nutrients induced by the amendment of GAS residues. 476 4 Conclusion
477
Our study proposed that GAS residues may be appropriate to remediate acidic 478 soil, improve soil quality and reduce GAS populations in areas subject to GAS 479 invasion. In practice, it may not be practical to dry and crush GAS into powder before 480 applying it to soils. Instead, practitioners could create GAS residues at lower costs by 481 collecting living or dead GAS, spreading them on the soil surface and smashing them 482 using high speed rotary tiller. Also, we suggest applying GAS residues to nonirrigated 483 farmland to reduce the potential water pollution. We suggest amending GAS at 2.5 -484 25 g kg -1 , which appears to be better for soil health and bacterial diversity. These 
